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INTRODUCTION

A percentage of NF1 patients may experience an increase in pain after surgical removal of a neurofibroma. This
pain is due to the formation of a painful neuroma, a jumbled mass of nerve fibers and connective tissues, at the
cut end of the nerve. Palpating the tissue overlying a neuroma evokes paresthesias/dysasethesias in the
distribution of the injured nerve. Surgical resection of the neuroma may provide relief, but the pain often recurs
following the inevitable evolution of a new neuroma at the nerve end. Previous animal models of neuropathic
pain have focused on the mechanical hyperalgesia and allodynia that develops at a location distant from the site
of injury and not on the pain from direct stimulation of the neuroma. We describe a new animal model of
neuroma pain, the tibial neuroma transposition (TNT) model, in which the neuroma is located in a position that
is accessible to mechanical testing and outside of the innervation territory of the injured nerve. This allows
testing of pain in response to mechanical stimulation of the neuroma (which we call neuroma tenderness)
independent of pain due to mechanical hyperalgesia. Mechanical stimulation of the neuroma produced a
profound withdrawal behavior that could be distinguished from the hyperalgesia that developed on the hindpaw.
The ultimate objective of this research is to prevent reformation of a painful Neuroma by using suicide transport
of neuronal toxins.

BODY

We will present a summary of our efforts that represent 1, research based directly on the specific
aims of the grant and 2, outgrowth research to improve methodology in this work and increase
our understanding of the patho-physiology underlying neuropathic pain.

1) Specific Aim Directed Research

In year one, we firmly established the TNT model with the addition of sufficient animal numbers to our
preliminary work to produce a reliable, statistical and publishable result. We then completed our first specific
aim by demonstrating that blocking neural input from the neuroma to the CNS reversed the pain behavior
produced by the TNT model. In year 2 we have been experimenting with a variety of neural toxins to prevent
neuroma formation through retrograde transport and cell death.

Retrograde Transport Experiments

Our initial experiments focused on using OX7-SAP (Specific Aim 2). This toxin consists of the mitogen
recognizing complex monoclonal antibody, OX7, specific for the rat Thy 1 coupled to saporin, a ribosome
inactivating protein. The target antigen, rat Thy 1, is present on all adult neuronal cells. As Thy 1 is present on
neurons and essentially absent from other tissues, the expectation was that injection of OX7-SAP into the
neuroma would selectively destroy the neurons terminating there. The OX7-SAP experiments did not provide
consistent outcomes. One possible explanation is that some antigenic structures of neurons are down-regulated
after injury. A recently published study indicates that Thy 1 is transiently decreased in DRG neurons after
sciatic nerve crush. It is important to note that although consistent with our findings, this information was not
available at the commencement of our studies. Nonetheless, it was decided that the most effective next step was
to examine the efficacy of a less selective suicide transport molecule: Ricin.

Subsequent work has focused on establishing a proof of principal for suicide transport. Ricin is a neurotoxic
lectin, derived from castor beans, that binds to certain oligosaccharides on the cell surface. After binding, it
undergoes endocytosis and is axoplasmically transported to the cell body where it causes ribosome inactivation,
inhibition of protein synthesis, and ultimately cell death. An intraneural injection of ricin causes a loss of
neurons in the corresponding DRG, anterior motor horn region, and complete degeneration (Wallerian) of both
myelinated and unmyelinated axons in the peripheral nerve, central processes, and terminals. We decided to
use Ricin injections as a proof of principal experiment for the concept of preventing painful neuroma formation
as it is has a more robust and less specific effect to OX7-SAP.

In discussion with various experts in the field of neural toxins and retrograde transport we identified Wheat
Germ Agglutinin (WGA) coupled to Saporin as an interesting neuronal toxin. This toxin will bind
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preferentially to small neuronal fibers, ones usually associated with pain transmission. We decided to pursue
additional experiments and determine if this toxin would produce neuronal cell death and Wallerian
degeneration and prevent the development of a painful neuroma.

Method

Establishing the TNT model

The posterior tibial nerve was exposed from approximately 8 mm proximal to the calcaneal branch to 1 mm
distal to the plantar nerve bifurcation. The integrity of the calcaneal branch was preserved while it was dissected
free from the main trunk of the tibial nerve. Just proximal to the plantar bifurcation, the tibial nerve was tightly
ligated with 6-0 silk and sharply transected with scissors. Using a blunt glass probe, a subcutaneous tunnel was
burrowed from the medial incision site to the lateral aspect of the hind limb. A 1.5 mm diameter plastic tube
with a longitudinal slit in one wall was placed in the tunnel. The needle-baring end of the suture used to ligate
the tibial nerve was passed through the plastic tube and pushed through the skin at a location 8-10 mm superior
to the lateral malleolus. The plastic tube was then removed from the tunnel. The suture was gently pulled to
advance the tibial nerve stump through the subcutaneous tunnel, until it was flush with the inner surface of

the skin of the lateral hind limb. The suture was then cut flush with the skin. The incision was closed with
running 6-0 silk sutures. The subsequent neuroma was located in a lateral position that was easily accessible for
mechanical testing. The suture material could be viewed just below the skin surface and provided a target for
mechanical testing.

Behavioral Testing

The rats were tested three times preoperatively and several times during the postoperative period. The animals
were placed in individual transparent plastic cages on top of an elevated wire mesh stage that allowed access to
the plantar surface of the paw. A 2.5 x 20 cm window at the bottom of the sidewalls of the cages permitted
application of von Frey filaments to the ankle region. The animals were allowed to acclimate to the testing
environment for 20-30 minutes before testing began

Neuroma Tenderness

The suture tied to the distal end of the tibial nerve or connective tissue was visible through the skin and served
as the target for mechanical stimuli. An analogous site served as the target on the contralateral hindlimb. A trial
consisted of a train of five applications of a von Frey filament (150 mN for 1-2 s) with an interstimulus interval
of 1 s. If the animal responded to any of the five applications, the trial was terminated. A positive response was
defined as a slow withdrawal of the hindpaw, or rapid withdrawal with vocalization, licking, or shaking.

A grading system to qualitatively evaluate behavioral responses was used. Each trial was assigned a response
grade ranging from 0 to 2 based on the animal’s response. A grade of 0 indicated that the animal did not
respond during a given trial. A grade 1 response represented a slow withdrawal of the paw. A grade 2 response
was defined as a brisk withdrawal or shaking, licking, or vocalization. The Withdrawal Score was defined as the
sum of response grades for five trials and ranged from 0 to 10. (See our recently published manuscript that is
included in this report for additional details of the testing procedure)

Nerve Injection

Just proximal to the plantar bifurcation, the tibial nerve is sharply transected with scissors. Forceps are used to
crush the nerve 2 mm proximal to the cut end of the nerve. A glass micropipette connected to a Hamilton
microliter syringe pump system (Hamilton Company, 4970 Energy Way, Reno, Nevada USA) is carefully
inserted into the center of the proximal stump of the tibial nerve and advanced to the region of the nerve that
was crushed. Then, 2 pl volume of toxin or control is injected over 20 minutes. An indicator dye (fast green)
was included with the drug to allow us to verify the drug does not leak out of the nerve during the injection
procedure. If a substantial amount of dye leaked out, we excluded the animal from the subsequent analysis.
After drawing out the micropipette, the stump of the tibial nerve is tightly ligated with 6-0 silk, and then
transposed to the lateral hindlimb (as described above for TNT model surgery).



Histopathology

Animals were deeply anesthetized with 10% isoflurane and received a transcardiac perfusion with 0.1M PBS
(pH 7.4), followed by 4.0% paraformaldehyde solution in Sorenson’s buffered solution (pH 7.4). All surgical
lesions were grossly confirmed. The tibial nerve was inspected for the presence of a neuroma (when
appropriate). The nerves to be studied (sciatic, tibial, calcaneal, peroneal) were harvested. Relevant spinal cord
and DRG were harvested. Serial sections were taken beginning at the distal nerve end and proceeding proximal.
Peripheral nerves and dorsal/ventral roots. For plastic section, the specimens are fixed in 2% glutaraldehyde in
buffered cacodylate. Serial dehydration through graded ethyl alcohol solution is performed over 24 hours. The
specimens are then post-fixed in 2% osmium tetroxide and embedded in Epon. Plastic embedded tissue will
produce 1 micron sections to be stained with toluidine blue. Paraffin sections are post-fixed for 48 hours in 4%
paraformaldehyde then transferred to PBS and kept at 4°C until sectioning. Paraffin sections will produce 12
micron sections to be stained with hematoxylin and eosin and alternatively examined unstained. DRG and
spinal cord. Paraffin sections are post-fixed for 4-6 hours in 4% paraformaldehyde then transferred to PBS and
kept at 4°C until sectioning. Paraffin sections will produce 12 micron sections to be stained with hematoxylin
and eosin and alternatively examined unstained.

Experimental Design

The experiments examining retrograde transport of a neural toxin and painful neuroma prevention were initially
performed in an open label format to determine drug dosing and pharmacological effect. All subsequent studies
included blinding of the examiner. The retrogradely transported toxins that we have examined included OX7-
SAP, WGA-SAP, and Ricin.

Results
OX7-SAP

In our initial open labeled studies, we used OX7-SAP doses up to 2 ug in 2 ul. It was initially surprising to find
that even the highest dose (2 ug, see Figure 1 in Supporting Data) did not lead to a decrease in neuroma
tenderness. Given that the Thy-1 receptor is not found in human and the lack of a behavioral result, we decided
to try other toxins instead of pursuing OX7-SAP. As previously stated, a recent publication has documented the
down regulation of the receptor after axotomy providing a possible explanation for the lack of experimental
effect.

Ricin

Our initial open labeled studies used doses ranging from 0.5 ng to 500 ng of Ricin in 2 ul. In these studies, we
saw a decrease in the behavioral response to neuroma stimulation at some of the middle doses. At the higher
doses (> 50 ng) we saw localized tissue necrosis overlying the neuroma site that became more pronounced at
higher doses. We therefore chose to investigate the following doses in our blinded and controlled study (1, 5,
10, 20 ng). The behavioral results from these data are shown in Figure 2 (see Supporting Data). In the top panel
of Figure 2, the behavioral responses to von Frey stimulation of the neuroma site are plotted as a function of
time after the lesion. Each curve corresponds to a different dose of ricin. In bottom panel of Figure 2, the dose
response function for ricin is plotted. For these data, we determined the average behavioral response after the
ricin administration (i.e., average response from day 9 to 35). Ricin led to a significant reduction in the
behavioral response at both the 10 ng and 20 ng dose.

On histology review, we found that the highest doses of Ricin (> 50 ng) produced a nearly complete
elimination of myelinated axons from the neuroma itself. Examination of more proximal nerve segments
demonstrated segmental Wallerian Degeneration as would be expected for a toxin producing cell death. The
lowest doses resulted in a minimal reduction in myelinated axons in the neuroma itself with some proximal
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Wallerian Degeneration. The animals treated with 20 ng doses of Ricin exhibited marked or nearly complete

elimination of myelinated axons from the neuroma itself. An example of this is shown in the figure which
compares the appearance of an neuroma exposed to 1 ng of Ricin (nearly normal neuroma with many
myelinated axons, examples are indicated by the yellow arrows but dozens are present) to the appearance of a
neuroma treated with 20 ng of Ricin (nearly all myelinated axons are degenerated, three axons are indicated by
yellow arrows).

Additional observations were made of the proximal nerves and the dorsal root ganglia, where the cell
bodies of the C-fiber axons are located and the spinal cord. In the proximal nerves, there was focal Wallerian
degeneration, that was focal within the nerve indicating that this was due to proximal degeneration of axons
supplying the distal nerve branch that had been treated with Ricin. This is illustrated in the figure at left where

& 5 =:-€ ~,  the normal density of axons in an untreated branch of the nerve is

" seen in the lower part of the figure, the depleted density of axons due

to treatment is seen in the upper portion of the figure. In the DRG,
_ there was evidence of single, isolated neurons undergoing
phagocytosis by leukocytes; strikingly, adjacent neurons were
| completely normal in appearance as gauged by the H&E staining.
, These findings were consistent with the toxin working via a dose-
dependent mechanism and inducing neuronal death by a suicide
transport mechanism.

Taken together, these data demonstrate the proof-of-concept
that injection of suicide transport molecules can eliminate the
myelinated nerve endings from a neuroma and lead to a significant
reduction of neuroma tenderness.

Wheat Germ Agglutinin - SAP

In our open labeled studies we used doses of WGA-SAP ranging from 5 to 200 ng. None of these doses led to a
significant decrease in the behavioral responses to neuroma stimulation.

On histology review, we observed dose dependent effect at the level of the neuroma. This effect consisted of a
decrease in the number of unmyelinated axons and an increase in the number of regenerative clusters. More
proximal portions of the nerve were evaluated by both plastic section analysis and selected nerves by paraffin
section. The plastic section analysis of the proximal nerves indicated that, except at the highest dose, the
myelinated axons were essentially normal in appearance with a very small number of myelinated axons
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undergoing Wallerian Degeneration. Aside from the preservation of myelinated axons, there appeared to be a
decrease in C-fibers in segments of the nerve however, given the random distribution of C-fibers in the normal
nerve this was difficult to assess fully. There was however an increase in nuclear number, consistent with
increased numbers of Schwann cells in some segments of the proximal nerve. This was confirmed by
examination of the paraffin sections stained with H&E.

The histology observations were consistent with the degeneration of C-fiber axons which, being unmyelinated,
leave few traces after undergoing abrupt degeneration. The one remnant of this process is typically an increased
number of Schwann cells as observed in these nerves. These findings are consistent with a highly selective
destruction of small fiber axons and the associated neurons. This is strongly supportive of successful targeting
of the WGA-SAP to the intended target.

Putting together the behavioral and histology results, the data demonstrate that elimination of most
unmyelinated fiber innervation of the neuroma does not eliminate neuroma tenderness. This has led to our
current hypothesis that the neuroma tenderness is due to activity in myelinated fibers. This is consistent with the
clinical observation that tapping on a neuroma leads to sharp, “electric” pain that is immediately perceived (i.e.,
faster than would be conducted by activation of unmyelinated fibers). To pursue this hypothesis, we plan to use
a toxin that is specific to myelinated fibers. Initially we will use CTB-SAP.

2) Outgrowth Research
Anti-ganglioside Antibodies

Dr. Kazim Sheikh from Johns Hopkins Department of Neurology has demonstrated that the systemic
administration of a monoclonal anti-ganglioside antibody leads to profound inhibition of axon sprouting in a
sciatic nerve crush model. He has obtained funding from the Blaustein Pain Foundation to explore the
hypothesis that this technique could be used to alter pain from nerve injury. Part of the basis of the grant is a
collaboration with our group in that we would provide him the TNT animal models and behavioral testing
technique.

Gangliosides, the target antigens of anti-ganglioside antibodies (Abs), are major cell surface determinants and
the predominant sialoglycoconjugates in the mammalian nervous system. GD1a and GT1b are the two major
gangliosides in the growth cones of regenerating axons. Abs with GD1a specificity can act as inhibitory cues
for growth cones .

Initial experiments determined a pharmacologic effect on axonal sprouting. These were used to determine a

dose for treating animals in whom the TNT model was being established. The average behavioral response to
mechanical stimulation at the neuroma site was significantly lower (p<0.01) for the nerves in which the antibody was
injected (5.2 =/- 0.7, n=4) compared to the control nerves that were injected with mouse serum (9.0 +/- 0.3, n=4).

While this is very preliminary data, it does appear that the administration of an Abs may prevent painful
Neuroma formation. We will continue these collaborative studies with carefully controlled and blinded
experiments.



KEY RESEARCH ACCOMPLISHMENTS

- The formation of a neuroma subsequent to axotomy can be altered by using retrograde transport of a neural
toxin in the proximal stump.

- Neuroma test-site mechanosensitivity can be altered by retrograde transport of a neural toxin.
- The pain behavior associated with neuroma formation may not be dependent on ongoing activity in small
fiber neurons (C-fibers, A-delta fibers).

- The administration of a systemic anti-ganglioside antibody may prevent axonal sprouting in a neuroma and
the thus prevent the development of neuropathic pain secondary to Neuroma mechanosensitivity.



REPORTABLE OUTCOMES

The tibial neuroma transposition (TNT) model of neuroma pain and hyperalgesia.
M. Dorsi, L. Chen, B. Murinson, E. Pogatzki-Zahn, R. Meyer, A. Belzberg
Pain, Volume 134, Issue 3, Pages 320-334
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CONCLUSION

We have now completed the first and second of three specific aims.

The pain behavior displayed by the animal results from mechanical stimulation of the neuroma, a phenomenon
commonly seen in patients with painful neuroma. The tibial neuroma transposition (TNT) model provides the
scientific community an animal model of neuroma pain.

The application of Ricin to the nerve will result in retrograde transport of the neural toxin and axonal
degeneration. There is a dose dependent loss of axons and prevention of neuroma formation.

The application of Wheat Germ Agglutinin — SAP to a nerve will result in retrograde transport of the neural
toxin and loss of small fiber axons. In preliminary experiments, the loss of these “pain fibers” did not result in a
loss of pain behavior. This phenomenon will be further explored.

We will now proceed with the third and final specific aim. We will alter neuroma formation using retrograde
transport of a variety of neural toxins and carefully determine the effects on pain behavior. Specifically, we will
determine if we can both prevent painful neuromas from forming and reverse pain behavior by treating an
existing neuroma.

We will pursue the use of anti-ganglioside antibody in preventing neuroma formation through a collaboration
with Dr. Kazim Sheikh from Johns Hopkins Neurology.
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The tibial neuroma transposition (TNT) model of neuroma pain
and hyperalgesia
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Abstract

Peripheral nerve injury may lead to the formation of a painful neuroma. In patients, palpating the tissue overying a neuroma
evokes paracsthesias/dysacsthesias in the distobution of the injured nerve. Previous animal models of neuropathic pain have focused
on the mechanical hyperalgesia and alladynia that develops at a location distant from the site of njury and not on the pain from
direct stimulation of the neuroma. We deseribe a new animal model of neuroma painin which the neuroma was located in a position
that is accessible to mechanical testing and outside of the innervation territory of the injured nerve. This allowed testing of pain in
resporae to mechanical stmulation of the neuroma (which we call neuroma tenderness) independent of pain due to mechanical
hyperalgesia. In the tibial neuroma tramsposition (THNT) model, the postenor tibial nerve was ligated and transected in the foot just
proximal to the plantar bifurcation. Using a subcutaneons funnel, the end of the ligated nerve was positioned just superior to the
lateral malleolus. Mechanical stimulation of the neuroma produced a profoumd withdrawal behavior that could be distinguished
from the hyperalgesia that developed on the hind paw. The neuroma tenderness (bt not the hyperalgesia ) was reveraed by local
lidocaine injection and by proximal transection of the tibial nerve. Afferents originating from the neuroma exhibited spontaneous
activity and responacs to mechanical stimulation of the newroma. The TWT model provides a useful tool to investigate the differ-
ential mechanisms underlying the neuroma tendemess and mechanical hyperalgesia associated with neuropathic pain.

@ 2EFT International Association for the Study of Pain. Published by Ekevier BY. All rights resemved.

Kepwordr Weuroma; Weuropathic pan; Hyperalpesis; Berve imjury; Central sensitoestion; Allodynia; Neurolibrons

1. Introduction sia in the distribution of the injured nerve. Despite

advanees in our understanding of neurepathic pain, pro-

Painful neuromas can arise from peripheral nerve

injuries such as trauma, amputation, nerve biopsy, or
resection of a neurofibroma. Patients experience lender-
ness o palpation of the skin overlying the neurcma,
spontaneous burning pain, and allodynia and hyperalge-

" Comespondmg author. Tel: -+1 410 955 2055 [z 1 410 955
1052,
Eomail addresy abelrberijhnd edu (4 ). Belrberg).
' The first twe suthors cntributed equsally Lo the study.

viding adequate pain reliel for these patients remains a
clinical challenge. Unlortunately, a substantial propor-
tien of patients develop pain that is refractory Lo con-
lemporary  pharmacological,  psychological,  and
surgical intervention and endure significant disability.
Therelore, rescarch i needed to Turther increase our
understanding of neuropathic pam and to develop novel
therapies,

A number of amimal models that involve traumatic

nerve injuries have been developed o study neuropathic

03014395852 10 & 2000 Intemabonsl Assocaton Tor the Study of Pan. Publshed by Elseveer BV, ALl rghts meserved.
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pain including sdatic nerve transection (Wall et al,
1979), chronic constriction injury (Bennetl and Xie,
1988), partial sciatic nerve ligation (Seltzer et al,
1990), spinal nerve ligation (Kim and Chung, [9%92),
and spared nerve injury (Decosterd and Wooll, 2000).
These contemporary models of neuropathic pain have
greatly expanded our understanding of the mechan sms
underlying neuropathic pain. However, several charac-
Leristics of these models limit their uselulness in studying
neuroma pain. First, the observed behavioral chanpges
are evoked by stimuh applied o the hindpaw at a loca-
tion distant from the site ol injury, There is currently no
model measuring the effect of diredly applying stimuli
Lo the neuroma, Second, there is moeunting evidence that
hyperalgesia in the existing models can develop in the
hindpaw independent of input from injured aferents
amd thus independent of the neuroma (Eschenflelder
el al, 2000; Li et al., 2000). Further, hyperal pesia may
develop [ollowing lesions that do not invelve injury to
afferent fibers (e.g., ventral rhizotomy) (Li et al., 2000,
Sheth et al, 2002) or the formation of a neuroma
(Eschenflelder et al., 2000; Sheth et al., 2002). These find-
ings suggest that ectopic activity originating from a neu-
roma is nol necessary for development of hyperalgesia,

We aimed 1o develop an anmmal model of neuroma
pain. Anideal model would produce robust, severs, and
lasting behavioral changes resembling those seen in
patients with painful neuromas (i.e., ongoing pain sensa-
tions, pain evoked by palpation of the skin overlving the
neuroma, and hyperalgesia in the distribution of the
injured nerve). We propose that distinet but overlapping
pathophysiological mechanisms underlie the multiple
pain phenomena produced by peripheral nerve injury.

We based our model on the clinical observation that
mechanical stimuli applied to the skin overlving a neu-
roma produce paraesthesias or lancinating pain in the
distribution of the nerve (Holfman-Tinel sign). It is
believed that this dinical sign is indicative of ectopic
mechanosensitivity of injured or regenerating aflferent
fibers., We hypothesize that mechanical stimuli applied
Lo the skin overlving a neuroma in a rat will elicit a sim-
ilar sensation and provoke oot withdrawal, Further, we
hypothesize that mechanical hyperalgesia will develop in
the cutaneous distribution of the injured peripheral
nerve, Thus a peripheral nerve injury mode] was created
that would permit the independent study of these two
distinet pain behaviors,

2. Methods
2.1 Experimental animaly

Eighty male Sprague-Dawlky mts (Harlan, Indianapalis,
IN) weighing 20250 g were studied. Two to four animalks

were placed in plastic cages with sawdust bedding, housed in
a climate controlled room under a 14/10 light/dark cycke,

and provided food and water ad libitum. The animals were
acclimatized under these conditions for at least a week before
the initiation of experimentation. The Johns Hopkins Univer-
sity Animal Care and Use Committee approved the testing and
surgical protocal.

2.2, Surgical procedures

The animak were randomly assigned to surgical groups for
cach experiment. For all surgical procedums, deep ancsthesia
was maintained throughowt sargery with 2% soflurane. All
incisions were closed with nmning 64 silk sutures. All proce-
dures were performed with a dissection microscope. At the
conchiion of each experiment, all lesions were confirmed at
autopsy.

2.2 1. Tihial nesromia iransposition (| TNT ) mode!

The objective of the tibial neuroma transposition surgery
was to produce a neuroma that was located in a position that
was accessible for mechanical testing and that was outside of
the innemvation territory of the injured nerve. This allowed
testing of pain in respons to mechanical stimulation of the
neuroma (which we call “neuroma tenderness™) independent
of pain due to hyperalgesia.

Char decision to use the tibial nerve was ako based on the
following factors: (1) The tibial nerve innervates the plantar
surface of the hindlimb. The expocted hehavioral responss to
tihial meuroma stimulation would bhe hindlimb withdrawal.
Thiz behavior is easy to quantify and commonly used in most
contem porary models of neuropathic pain. With experience we
were able to increase the specificity of behavioral testing by
scoring the intensity of hindpaw withdrawal. {2) The tibial
nerve is a mixed nerve comprized of both sensory and motor
nerve fibers, Thus, a tihial neuwroma would be expected to
develop electrophysiclogical properties similar to those dem-
omstmted in other mixed nerve neurnma preparations (e.g.
spinal nerves and sciatic nerve).

As illustrated in Fig. | {sec also Fig. 34), the posterior tibial
nerve was exposed from approximately # mm proximal to the
cakanzal branch to 1 mm distal to the plantar nerve hifurca-
tion. The integrity of the calcanecal branch was preserved while
it was dissected free from the main trunk of the tibial nerve.
Just promimal to the plantar bifurcation, the tibial nerve was
tightly ligated with &4 silk and sharply transected with
SCISE0ME,

Using a blunt glass pmobe, a subcutaneous tunnel was bur-
rowad from the medial incision site to the lateral aspect of the
hindlimb, & 1.5 mm diameter plastic tube with a longitudinal
slit in one wall was placed in the tunnel. The needle-hearing
end of the suture used to ligate the tibial nerve was passed
through the plastic mbeand pushed through the skin at a loca-
tion 10 mm superior to the lateral malleolus The plastic
tube was then removed from the tummel. The suture was gently
pulled to advance the tibial nerve stump through the subcuta-
neows tunnel, until it was Aush with the nner surface of the
skin of the lateral hind limb. The suture was then cut flushwith
the skin. The subsequent neuroma was located in a lateral
position that was easily accessible for mechanical testing
(Fig. 1, top). The suture material could be viewsd just helow
the skin surface and provided a target for mechanical testing.



im ML, Dors et al § Pain I3 (2008) 220-324

Lateral View

Medial View

P bl 0
mdsibird drd
of, Tigawed Coriginad

pushiion of oo

Fig 1. The tibial newrons tanspodition (TR madel. Sehematic depictmg TNT muode] sutgery. The digtal thaal nerve m the lool 13 dssected free of
adjreeni imsue, Hested with & sutume, mnd ci. The nealle from the sutine & passeal through & subcutansous tunnel 1o the lsleral sspect of the
tndbmmb whene it 8 pushed through the skin. The nerve is drawm into the tummel untal the Braiume is sdjscent to the skin. The sutune & cut, md the

inczion clossd (anwork by lan Suk, Johns Hophing Undversiy )

2.2.2. Sham surgery (§)

The tibial nerve was dissocted as described abowve and left
intact. A subcutaneous tunnel was formed as described above.
A small piece of connmective tissmie was ligated and passed
through the subcutancous tummel in the method described
abowve (Fig. 3B).

2.2.3. Tibial newroma with wo trangposition { TNT-nT)

The tibial nerve was dissected, ligated, and transected as
described above for the TNT mode]l surgery, but not trans-
posed. A subcutaneous tmnel was formed and connective tis-
sue was ligated and passed through to the lateral hindlimb as
deseribed above (Fig, 3C),

2.2 4. Thial newrsmia iranspogition with sirltansous proximal
transection { TNT-sPT)

The TNT mode] surgery was performed as described above,
Omee the nerve stump was in place on the lteral aspect of the
foot, the tibial nerve was sharply transected with scissors at the
proximal entrance of the subcutancous tunmel (Fig, 300,

2.2.5. Tibial mestrowa transposition with delaved proximal
transection {TNT-4PT)

The TNT model surgery was performed as described above,
Twelve days after surgery, the animals were re-anesthetized,
and the tibial nerve was dissected free, Three millimeters pro-
imal to the tunnel entrance, the nemve was tightly ligated with
G- silk and a 2-3 mm segment of the tihial remve distal to the
ligature was removed (Fig, 3E1. A 640 silk suture was then used
to anchor adjacent connective tissue to close the entrance to
the tunnel. For control amimals, the nerve was exposed but
ot cut.

2.3, Behavioral testing with mechanical stimuli

To irsure blinding, the experimenters doing the behavioral
testing were hlinded to the surgery of cach animal, and the dif-
ferent surgical groups were tested concurrently, The rats were
tested three times preoperatively and several times during the
postoperative period. The animals were placed i individual
transpamnt plastic cages on top of an elevated wire mesh stage
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Fig 2. Mechamical hyperalpesis testing sies. To test Tor mechanical
hyperdpess, von Frey probes wens apphal 1o leral (sural detnbo
Gon) or moddle (ke distribubon) siles on the plantar sudace of the
paw. Merve distraibutions wens derived from Swetl amd Waooll {1985,

that allowed access to the plantar surface of the paw. A
2.5 = Miem window at the bottom of the sidewalk of the cages
permitted application of von Frey flaments to the ankle
region. The animals were allowed to acclimate to the testing
environment for 20-30 min before testing began.

231 Newroma tenderness

The suture tied to the distal end of the tibial nerve or con-
nective tissue was visible through the skin and served as the
target for mechanical stimuli. An analogows site served as
the target on the contralateral hindlimb. A trial consisted of
a train of five applications of a von Frey flament (150 mM
far 1-2 5) with an interstimulus interval of 1 2. K the animal
responded to any of the five applications, the trial was termi-
nated. A positive response was defined as a slow withdmwal
of the hindpaw, or rapid withdrawal with vocalization, licking,
or shaking. Each testing session consisted of five triak to cach
hindlimb with an intertrial interval of about 2 min. The
Response Frequency was defined as the percent of positive trials
{ie., 100 imes the number of positive triaks divided by five).

In later experiments, we implkemented a grading system to
qualitatively evaliate hehavioral responses. Each trial was
then assigned a response grade ranging from 0 to 2 hased on
the animal's response. A grade of (¥ indicated that the animal
did not respond during a given tral. A grade | response repre-
sented a slow withdrawal of the paw. A gmade 2 response was
defined as a brisk withdrawal or shaking, licking, or vocaliza-
tiomn, The Withdrawal Seore was defined as the sum of response
grades for the five trials and ranged from O to 10

Whether the response was specific to mechanical stimuli
applied to the target site was evaluated in a small cohart of
animals following TNT surgery. Testing was performed as

deseribed ahove, hat in addition to the nenroma test site, stime-
uli were applied to skin overlying the tibial nerve 3 mm prox-
imal to the neuroma, and the skin of the lateral hindlimb 3 mm
and Smm inferior to the neuroma.

2.3.2. Hindpaw mechanical kyperalpesia

Mlechanical withdrawal threshold to the application of a
von Frey probe to the foot was measumd by using the up-
down method {Dicon, 19800, An ascending series of von Frey
hairs of logarithmically incremental foroe (3.2, 5.2 83, 15, 29,
44, 64, 94, and 160 mMN) were applied tosites in the middk (tib-
ial merve disribution) and lateral (sural nerve distribotion)
aspect of the plantar surface of the left hindpaw (Fig. 2).
Mechanical testing followed the pmocdure described by
Ringkamp et al. (1999, Each von Frey hair was applied to
the test area for about 2-35, with a 1-2 min interval between
stimuli. A trial began with the application of the 15 mMN von
Frey prohe to the left and right hindpaws of cach amimal. &
positive response was defined as a rapid withdrawal andfor
licking of the paw immediately upon application of the stimu-
lus. Whenever a positive response to a stimuhs oocurred, the
next smaller von Frey hair was applied, and whenever a nega-
tive response oocurred, the next higher force was applied. The
testing continued for five more stimuli after the first change in
response occurred, and the pattern of responses was converted
tooa 502 von Frey threshaold wing the technigque deseribed by
Dizon {19800, K the animal showed no response to the highest
von Frey hair (160 mN), a von Frey threshold of 260 mM, cor-
responding to the next log increment in potential vom Frey
probes, was assigned to the threshold,

2.4, Lidocaine block

Mine wecks following THNT surgery, a cohort of cight rats
displaying elevated hehavioral response freguencies to
mechanical stimulation of the neuroma and plantar mechani-
cal hiyperalgesia were randomly assigned to two interventional
groups, local lidocaine injection or contral lidocaine mjection.
In pairs, the animals were lightly anesthetized uwsing 2% sofla-
rane, One animal reczived a 106 pl injection of 1% lidocaine
with epinephrine to the neuroma target site marked by the
sutum on the tibial nerve. To control for systemic cfiects of
lidocaine, the lidocaine/epinephrine was injected into the sub-
cutaneous tissue overdying the lumbar spine of the other ani-
mal. Ten minutes after awakening from anesthesia, the
animals were placed in cages on top of the testing stage as
described above, Blinded behavioml testing of the neurmma
and hindpaw was performed as described above immediately
prior to lidocaine injection and three times after injection
(15min, &0min, 120min). Two days later, the animak were
crossed over to the other treatment arm and the hehavioral
protocol was mpeated.

2.5 Elecirophyaological procedures

The rats were initially anesthetized with pentobarhital
(S mgfkg, mtraperitoneal). Anesthesia was maintained by
intravenous administration of pentobarhital (2-10mgfdkgh)
via the jugular vein. Heart rate was contimuously monitored
as an indicator of adequate ancsthesia, A tracheotomy was
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performed, and ammals were artificially ventilated to maintain
expired OO, to 40 mm Hg. Muscle paralyss was achieved by
intravenous pancuronium bromide {1 mg/kg). Feedback-con-
trolled, water-perfused heating pads were wed to maintain
core temperature {measured by a rectal probe) at 38 °C.
Ekctrophysiological recordings were made from the tibial
nerve, Teased-fiber recording technigues were usad as
described previously (Camphell and Meyer, 19835 Bricfly, a
skin incision was made above the tibial rerve in the popliteal
fossa, and the tibial nerve was exposed. The skin around the
incision waz wsed to form a pool by sutunng the edges to a
metal ring. The poal was filled with warm paraffin oil. & split-
ting platform was placed underneath the nerve at the proximal
end, and a small silver wire which served as the recording clec-
trode was positioned above the splitting platform. Small bun-
dles were cut from the nerve, and teased into small Alaments
suitable for recording activity from single fibzrs. A stimulating
electrode was placed under the nerve at the distal end of the

E. TNT with delayed proximal
proximal transection (TNT-sFT) transection (TNT-dPT)

\

F. Control, no surgical
procedures (C)

-ﬂ'Ea::.’f

I

Degenerating

#

/\

incizion, about 1.5cm distal to the recording electrode. The
stimulation electmde was wed to deliver electrical pulses of
variabk strengih to the nerve in order to count the number
of A and C fibers on the recording electrode.

The newral signal was differentially amplified, filtered, and
digitized at a rate of 25 kHz. A real-time computer-based data
acquisition and processing system (DAPSEYS, Brian Turnguist,
Johrs Hopkins University; for details, go to http/faww.dap-
sys.met) was used to mecord newral activity, The software pro-
vided multiple window discriminators for real-time sorting of
difiement action potential waveforms, All waveforms passing
a selectable threshold lewel were saved for post hoc analysis.

Mewral recordings were performed 100-120 days after the
neurama {(or sham) srgery. After determining the number of
fibers at the recording eloctrode that responded to electrical
stimulation of the nerve, pontancous activity was measured
over a Smin interval, A heat lamp was then applied to deter-
mine if the spontaneous activity originated from cold or warm

aliffenent s meal proups.
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fibers. The skin over the neuroma site was stimulated with a
von Frey probe (150mMN) and bhnt pressumr to determine
whether mechanically sensitive fibers were present.

2.6 Histological procedures

Animals were euthanized by cardiac puncture under deep
ancsthesia and subsequently perfused with saline and 4% para-
formaldehyde in Sorenson’s mfered solution. Sections from
the tibial nerve proximal and distal to all sites of ligation
and tramsection, as well as the neuroma were harvested. The
spacimens were post-ixed in 2% ozmium tetroxide and embed-
ded in Epon. Sections (1 pm) were stained with toluidine blue.

2.7, Experimenial design

Three separate groups of animals were included in the
experiments described in this study.

2.7.1. Experiment group one

The aim of the initial experiment group was to demon-
strate that the TNT model surgery led to the formation of
a neuroma with characteristic electrophysiological and histo-
logical properties and alko ked to the development of a
bhehavioral response that could be evoked by applying
mechamical stimuli to the skin ovedying the newroma, The
THT surgery and the thmwe diffierent control procedures per-
formed in experiment group one are illastrated in Fig. 3.
The THT model surgery was performad in eight animak
{Fig. 3A). The three diffierent contral procedums were aimed
at confirming that the pain hehavior in response to palpat-
ing the ligature site was due to the neuroma formation.
These control procedures were performad concurrently and
were therefore ako useful in hlinding the experimenters.
For cight animak, the THNT model surgery was perfommed,
but the tibial nerve was simultaneously transected proximal
to the unnel (TWNT=PT, Fig. 31, For cight additional ani-
mak, the tihial nerve was ligated and cut but not transposed
to the lateral location (TMT-n'T, Fig. 3C). Finally, the tibial
nerve was exposed but not out in eight sham animak (8,
Fig. 3B). For all animals, a tunnel was created and a suture
was placed under the skin. Behavioral testing for mechanical
sensitivity at the newroma test site was perfformed in all of
the animals In animals with the TNT, mapping of the
behavioral response following application of stimuli at sites
distant from the neuroma was abko performed. Electrophys-
iological and histological studies were performed on a subset
of these animak at the conclusion of the behaviom) studies.

2.7.2 Experimeni group iwe

The aim of the second experimental group was to investi-
gate the effocts of the TNT model on paw withdrawal thresh-
olds to mechanical stimuli applied to the plantar surface of
the hindpaw. In addition to THT surgery (& = ), two contral
groups were included in this expziment group. Eight animak
underwent a sham procedure (*57, Fig. 3B), and cight animak
did not undergo any surgical procedures (O, Fig, 3F)L All
animals were tested for mechanical hypemlgesia in the hind-
paw, as well as mechanical sensitivity at the lateral ankle
{ie., the neuroma test site). At the conchision of eight weeks

of behavioral testing, the cight animals that had received the
THWT mode] surgery were selected for the lidocaine experimen-
tal protocol deacribed abaove.

2.7.3. Experiment group three

The aim of the third experiment group was to determine if
the behaviors provoked by applying mechanical stimuli to neu-
roma test site or plantar hindpaw depended on the presence of
the newroma at the lateral testing site. Twenty-four animalks
underwent THT maodel surgery. Twenty animak that demon-
strated robust neuroma tendemess and plantar hyperalgesia
were selocted and divided into two surgical groups. Ten days
after the THT surgery, 11 animak received a delayed proximal
transection of the tibial nerve (TN'T-dPT, Fig. 3E). To contral
the effects of reexposzing the tibial nerve, the tibial nerve was
exposad but left intact in the remaining nine animak. All ani-
mals mderwent additional behavioral testing of the nenrmma
test site and lateral aspect of the plantar hindpaw.

2.8 Stalaieal analysis

Since the behavioral scoring methods employed yield dis-
cmete prefived values rather than a contimmm, and since the
data wer not normally distributed because of the oeiling
efiects of a limited range of von Frey hairs, non-parametric
tests were performed. Tests were performed to analyze the var-
iance betwoen testing days (Friedman AMOV A for repeated
measwrements, followed by Wilcoxon matched pairs when
appropriate] and hetween surgical groups on a given testing
day (Kmskal-Walls ANOVA, followed by Mamn-Whitney
D-test when appropriate). A p value of <3005 was considered
to he statistically significant. Data are presented as median
with 25th and 75th quartiles.

3. Results

3.0 Mechanical stimudavion of the skin overlving a tibial
newroma produces o behavioral response

In experiment one, eight animals underwent the tibial
neuroma transposition { TNT ) surgery in which the tibial
nerve was ligated and rotated such that the lgature was
positioned at the lateral side of the ankle (Fig 3A). The
three control groups in experiment one are illustrated in
Figs. 3B-D). Mechanical stimulation of the lateral side of
the ankle with a von Frey probe normally did not lead
Lo a behavioral response, However, following the TNT
surgery, animals developed a vigorous response Lo von
Frey stimulation at the hgature (which could be visual-
ized through the skin). The incidence of response o five
trials of mechanical stimulation is plotied as a function
of time after the lesion in Fig. 4. The response freguency
for the TNT group differed significantly from baseline
slarting on postoperative day 5 and persisting for the
duration of the experiment { 100 days). The response fre-
gquency for the TNT group differed from the three con-
trol groups starting on day sin and Tor most of the
time points thereafier.
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Fig 4 THRT model produces newroms tendernes Following TRT
surgery, ammak dEplayved s oincnssed Iniquency of response Lo
apphcation of a 15 mN von Frey probe bo the hgsture sie. The
median hehavior] msponse Frequency lod the THT group difered
significantly  from  basehne sladmg oo posloperaive day 5
(8 =p< 005 The THT group differed sipnificmily from the thres
contral groips startmg on day 7T ("= p <0005 wath respect 1o basehing
and with respect 1o other groups) The contrel groups did nol differ
significaily from haselme or each other. Schematics of the surmres
perlomed ineach o the groups an shown m Fig. 3.

There was no @nsistent dilference in response Fre-
quency for any of the control groups compared o base-
Iine or each other. These control groups were run
concurrently with the TNT model animals o mnsure
blinding of the experimenier, Perhaps the most interest-
ing control group is the TNT-sPT group in which the
tikial nerve was ligated and rotated as is done [or the
THNT model surpery but the Gbial nerve was cut simulta-
neously about | om proximal (o the ligature, This group
did not display an increased response Lo mechanical
stimulation at the ligature site indicating that the behav-
ior was nol due to the surgial manipulations nemssary
Lo position the ligature on the lateral side of the foot, but
rather reguire that the nerveus supply to the ligature site
{and eventual neuroma) was intact,

To confirm that this behavior did not reflect cutane-
ous hyperalgesia but rather required stimulation of the
newroma, we applied the von Frey probe at four differ-
enl locations relative Lo the ligature (Fig 5). Von Frey
stimulation to the skin overlying the ligature or along
the course of the tbial nerve 3 mm proxmal Lo the lig-
ature alwavs evoked a 10004 response in all animals,
Response Mrequencies decreased in a distance dependent
the probe  was  applied  3mm
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Fig 5 Foeal megion of newroma tnderness in TRT model The
behaviorsl response frequency lo appleation of 2 150 mN von Frey
probe wi messwned sl foar sates on the latera] hmdloeb: the ligature
sile, 5 g profanal bo the bt (o the tibasl nerve), 3 ommn mlerion
Loy the hestune, and 5 mm mleror o the ealune (o =9
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(RF =136+ 10%) and 5mm (RF = 24 2 inferior o
the ligature test site,

3.2, The TNT swrgery produces hehavioral signs of
mechanim! hyperalpesia in the hindpaw

Experiment two served as o rmdomized, controlled
assay for the development of mechanical hyperalgesia
in the hindpaw following TNT model surgery. Paw
withdrawal thresholds to mechanical stimuli applied o
the lateral paw and middle paw are shown i Fig. 6,
Al baseline, there was no difference i withdrawal
thresholds at either site amongst the groups. Ino all
groups, the withdrawal thresholds in the middle of the
hindpaw (tibial nerve distribution) were at or near the
cut off value for all time points, reflecting the fact that
the animals did not respond o the highest von Frey
before the injury and that the middle of the paw is
almost completely denervated by the tibial lesion.

The mechanical withdrawal threshoelds in the lateral
aspect of the hindpaw varied significantly with group
amd time. Animals in the TNT model group displayed
mechanical withdrawal threshelds that were signifi-
cantly lower than baseline and the naive control group
for the duration of the postoperative period (51 days)
with the exception of days 17 and 37 when they were
only significantly lower than baseline. The TNT model
group displaved paw withdrawal thresholds that tended
Lo be lower than those of the sham group on all postop-

.

-

Fig . THT model produces mechanical hy pers pesis. Paw withdrawal tireghokls 1o von Frey siinb apphed to the Ietersl (A) and maddle (B) 126
ailes ane pholted & oo funcion of tme dier the surpery (A} AL the Iateral test site, ammak in the TRT model group (filked square, n= 8} duplayed
miechanical withdrawal theesholds that were significamily lower than baselme ("= p £ 005, ™ = p< 001}, the nonopersted control (cdnck, n= 8,
“=pg 005, =p g 0L01 ), and the sham goup (tmangle n =8, "=p < 005 “=p < 001} Thee wa no difference m withdrmwal threshokls st
edther sie amongst the groups 5l basdme. (B) In all growps, the withdrawal threshokds m the maddl of the hmdpew | haal nerwe distrabibon) dud not
viary signifbcanily from basdme al sy poinl m e postoperative period. (C) Tendemess over the lsteral ankl developed in 2] ammak followmg
THRT meadel surgery, bul not i the sham or conire] anmials The response frequencies Tor the THT model group were s mificantly elevaied com pared
1o non-operatel contral group (™ = p < 001}, the sham moup (= p < 001), ad baeline (" =p < 001}
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erative davs, This difference reached significance on davs
23,44, and 51. For the sham and naive groups, lateral-
site paw withdrawal thresholds did not vary significantly
[rom baseline or each other.

3.3, Proximal tibial nerve transection reverses the
nenroma tenderness produced by the TNT maodel

Experiment three evaluated the effect of a delaved,
proximal tibial nerve transection on neuroma lender-
ness. Twenty of the twenty-Tour animals that underwent
TNT model surgery displayed behavioral response
scores Lhat were significantly greater than baseline six
davs alier surgery, Ten davs afier the TNT muodel sur-
egery, 11 of these animals underwent proximal tibial
nerve transection. The remaining 9 animals had the tib-
ial nerve exposed (bul noteoul) and served as the control
animals to blind the experimenter.

Following proximal tibial nerve transection, behav-
ioral response scores for stimulation at the neuroma
dropped abruptly and were net significantly different
from the baseline scores beflore the TNT surgery. The
scores were significantly lower than immediately prior
Lo proximal tibial nerve transection For the entire Lesting
period (Fig. 7). In contrast, following tibial nerve expo-
sure in the control group, response scores did not
decrease bul remained significantly greater than baseline
and did not vary significantly from immediately prior to
tikial nerve exposure. Behavioral response scores were
significantly lower for the proxmal tibial nerve transec-
tion compared e tibial nerve exposure group on all
postoperative test days, Thus, proximal tibial nerve
transection led o a reversal of the neuroma pain
behavior,

F.4. Mechanical hyperalgesia in the hindpaw produced by
the TNT maodel persists following proximal tibial nerve
transection

Experiment three was also used Lo assess the effects of
proximal tibial nerve transection on mechanical hy peral-
gesia produced by TNT model surgery. Al baseline, paw
withdrawal thresholds for the two groups did not differ
(Fig. 7B). Immediately after TNT model surgery, paw
withd rawal thresholds on the lateral side of the fool were
significantly lower than baseline for both groups, No dif-
ference was evident betwesn the groups. Following prox-
imal tibial nerve exposure or transsction, paw withdrawal
thresholds remained significantly decreased [rom baseline
for all animals. There was no difference in paw withdrawal
threshold between the lwe groups at any imepoint. Thus,
proximal tibial nerve transection did notlead toa reversal
of the hindpaw hyperalgesia.

A total of 40 animals received TNT surgery in the
thres experimental groups. Thirty-six of these animals
(P4 displayed a positive behavioral response o

mechanical stimulation of the skin overlving the
TELTOmA,

3.5, Local lidocaine injection reverses the newroma
tenderness produced by the TNT maodel, but does not
effect hindpaw mechanical hyperalpesia

Fig. Billustrates the effects of local lidocaine injection
on neuroma lenderness and hind paw mechanical hyper-
algesia compared o the effects of hidocaine injection al a
remole site, Eight TNT animals from experiment group
two that displaved increased behavioral response fre-
quencies at the neuroma-site and hindpaw mechanical
hyperalgesia nine wesks afler tibial nerve neuroma
model surgery were enrclled in a crossover siudy.
Response [requencies were significantly lowered [ollow-
ing local, but net remote, ldocaine injection. This was
first evident at 15min and lasted for the duration of
the experiment (120 min). Behavioral response lrequen-
cies [ollowing remote idocaine injection did not signifi-
cantly differ from pre-injection levels,

Paw withdrawal thresholds to mechanical stimuli
applied to the lateral aspect of the paw did not differ
from pre-njection levels following remote or local lido-
caine injection. Following injection, the withdrawal
thresholds of the two groups did not differ with respect
Lo each other,

3.6, TNT model surgery results in the formation of a
histologically characteristic newroma

Histological sections of the neuroma, proximal nerve
amd distal nerve stump were examined at the completion
of the experiments, some seven months afler creation of
the neuroma, Longitudinal sections through the neuroma
demonstrated  demyelination, enlarged unmyvelinated
axons, mncreased collagen, excess endoneurial cells and
chaotic orientation of axons, all [eatures characeristic
of nerve<nd neuromas that de not underge rotation
(Fried and Devor, 1988, In the areaof the neuroma near-
eslthe higature, there were numer ous, large, unmyelinated
axons as previously observed in detailed studies of neu-
roma endbulb formation {Fried et al,, 1991), Unlike pre-
vious siudies, we observed a significant number of thinly
mvelinated axons within several hundred microns of the
ligatre site (Fig. 9), presumably reflecting very late
changes in these neuromas studied more than 200 days
after nerve ligation. More proximal parts of the nerve,
leading to the neuroma, exhibited a normal density of
axons and the formation of some regenerative clusters,

The distal nerve stumps that were generated at the
time of the mitial mjury were identified at autopsy by
microdissection. Perhaps surprisingly, these distal nerve
stumps were not denervated but rather exhibited a large
number of axons, although the number was markedly
reduced when compared to uninjured nerves, The orign
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{dPPT), but ned sham, resuled m & s gnificant decrease m the behavioral response scores 1o a level that was not snificantdy different from baselme.
The behavioral mspome scores remuned smificantly lower than mmedistely following THT model (** = p < 0L01) for the entine testing period.
Compared to sham dPT goup, the dPT growp demonstrsted behavional nesponse sconss (hal were sigmficanily lower on all postoperaiive test days
(" =p g 008, ™ =p £ 001 (B) Paw hyperalmsin 2 not changed by procmal thal nerve transsction. Al basshne, paw withdrawal threshalds for
the tweo groups did not differ. brmediatdy aller the THT surgery, paw withdrawal thresholds were sigmficanily lower than basshine lor both groups.
M difbrence was eviden between the groups. Following dPT or sham dPT, paw withdrawal threshokls remained dmificanily decnased from
basehne and did ned differ from post-TRT made] kvds (" =p <005, " =p < 001, ™ =p < 0001} Then was no difference m paw withdrawal
threshokl between the two groups a1 any Lme poml

amd directionality of these axons was not established in Proximal tibial nerve transection (Experiment thres)
these experiments, and it is possible that these axons resulted in massive Wallerian  depeneration in the
were retrograde or anterograde in direction | Beleberg nerve-end neuromas when examined on day 5 post-tran-
and Camphell, 1998). As described below, we demon- section. Following proximal tikial nerve transection,
strate that these axons did not arise from the tibial nerve however, there was no Wallerian degeneration seen in

itsell, the distal nerve stump indicating that repopulation of
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the distal nerve stump was not due o invasion by axons
arising [rom the tbial nerve but rather 1o recruitment of
axons from other nerves. This suggesis that reinnerva-
ticn of the plantar skin may be due in parl o axons
from adjacent nerves that have regenerated through
the distal stump of the tibial nerve.

3.7 Afferent fihers originating from the tibial nevroma
exhibited spontaneous activicy and mechanosensitivity

In animals with a tibial nerve neuroma (n = 3), single
fiber recordings were oblaimed from 130 units (90 C

fibers and 40 A fibers) in the tibial nerve, Sponlaneous
activity was observed in 14 fibers; in two of these fibers
the spontaneous activity originated from cold fibers
since it was stopped by gentle warming. Mechanical
stimulation of the neuroma elicited a response in 35
fibers, In the sham animal, single fiber recordings were
oblained from 26 fibers (19 C fibers and 7 A fibers).
Spontanesus activity was observed in 2 fibers: both were
cold fibers since gentle warming stopped the spontane-
ous activity. Mechanical stimulation over the nerve did
not elicit a response. These resulls are comparable o
those oblained by others whoe have recorded [rom neu-
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Fig 9. Thinly myelinsed sxons in long-temm neroms. Longtudins]
sections throwgh 2 mepresenisiive neuroms 2l seven meonths aller
aurgery demonsirate thinly myelmated sxons m both longtudins and
tramdverse orentatiom (aowheds) Larse unmyddmatel sons, typ
il of endbulbs, sre ako seen (arrow) Them ® an increse m
usim yehinated avons, non-newronal endoneunal cells snd collagen. Bar
equak iy

romas in the peripheral nerve (Blumberg and Finig
1984; Mever et al,, 1985).

4. Discission

We developad a novel model of neuropathic pain 1o
specifically investigate the mechanisms ol neuroma pain.
The tibial neuroma transposition (THNT) model pro-
duces a robust and lasting behavioral response charac-
terized by tenderness 1w mechanical stimuli applied
over the neuroma and hyperalpesia lo mechanical stm-
uli applied to the plantar hindpaw. The neural mecha-
misms  of  npewroma  lenderness  and  mechanical
hyperalgesia appear to be dilferent since inlerruption
of the pain signaling pathway from the neuroma o
the CNS by local application of lidocaine or by proxi-
mal transection of the tikial nerve eliminates the neo-
roma  lendernsss bul not the plantar mechanical
hyperalgesia,

The basis for the TNT model is the clinical obser-
vation that palpating the tissue overlying a neuroma
evokes paraeslthesias/dysaesihesias in the distribution
of the imured nerve. Anecdotal reports indicate that
palpaling scatic nerve neuromas in rals evokes dis-
lress  wocalization and  strugeling  (Devor et al,
1999), The TNT maodel 15 the first animal model that
allows  neuroma  lenderness W0 be  systematically
evaluated.

4.1 Newroma renderness

Several measures were aken Lo ensure that the
behavioral response was dependent on the stimulation
of the neuroma, Toe avoid the possibility that the behav-
ioral response was dug to the hyperalgesia often seen in
the distnbution of an mjured nerve or due Lo ncisional
pain, the tibial neuroma was rotated [rom its natural
position e the lateral aspect of the hindlimb. Control
groups for the different surgical steps in the TNT model
were used Lo éxdude behaviors assodated with surg-
cally damaged soft tissue. Maps of the area of mechan-
ical hypersensitivity  demonstrated that the evoked
behavior was specific to stimuli applied to the neuroma
and not o hyperalgesia of the adjacent tissue, Finally,
we were able Lo reverse the neuroma tenderness by inter-
rupting signaling from the neuroma to the CNS,

The severity, robustness, and duration of neuropathic
pain behaviors produced by the TNT maodel are compa-
rable e those of other models of neuropathic pain
including the chronic comstriction injury (Bennetl and
Kie, 1988), partial sciatic nerve ligation [Seltzer et al.,
15907, spinal nerve ligation (Kim and Chung 1992),
and a spared perve mjury (Decosterd and Wooll,
2000). The neuroma tenderness appeared within several
days.

Within  hours ©of & nerve transection, eclopic
mechanosensitivity develops at the severed nerve tips
(Welk et al, 1990; Koschorke el al, 1991; Michaelis
el al, 1995) In myelinated fibers, the inddence of
mechanically sensitivity increases over the [irst 24 h
reaching a level of aboul 25%. This is presumably due
to the axonal transport and sccumulation of transd ue-
tion elements at the severed tip (Koschorke et al,
1994), For unmyelinated fibers, the incidence of
mechanosensitivity is about 13% and remains relatively
constant over a Z-month period (Welk et al, 1990).
Aflferent  fibers whose repeneraling sprouls become
trapped in neuromas also develop eclopic sponlaneous
activity, crosstalk, and sensitivity to thermal and chem-
ical stimuli {Blumberg and Jamg, 1984; Devor el al,
1999; Michaelis et al, 1999; Rivera et al,, 2000), QOur
findings of spontaneous activity and mechanically-
evoked responses in A-fiber and C-fiber afferents in the
tibial neuromas are consistent with these reports,

The ectopic mechanosensitivity of afferents trapped
in the neuroma is believed 1w be responsible for the
abnormal sensory phenomens eveked by neuroma pal-
pation. Microneurography in a patient with a peroneal
nerve nenroma revealed that percussion of the neuroma
elicited an intense burst of spike activity and aupmenta-
tion of the patient’s pain (Mysirom and Hagbarth,
1981). In experimental neuroma preparations, ‘hot
spots’ of mechanosensitivity are clustered at the nerve
endbulb {Devor el al, 1999). Following a crush injury
or nerve section with resuturing, mechanosensitive siles
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have been observed up o 6 mm proximal o the injury
site (Gorodetskaya et al, 2003) presumably due Lo retro-
grade sprouting. Qur finding that mechanical stimula-
tien of the tikial nerve trunk proximal to the neuroma
evoked a behavioral response is consistent with the exis-
tence of mechanosensitive spots proximal Lo the injury
sile.

Changes in the phenotype, quantity, and distribution
of ion channels (specificall y sodium channels that aceu-
mulate in the nerve stump) may underlie the edopic
electrical properties that ansein injured alferents (Devor
el al, 1999). Svstemic or topical application of a range
of “membrane stabilizers™ (Ma channel blockers) rap-
idly silences abnormal firing generated al nerve-injury
sites in rats (Yaari and Devor, 1985 Burchiel, 1988
Drevor et al., 199%4; Matner and Devor, 1994), Further,
pericneurcmal or trigger point injections of local anes-
thetic oflen provide reliel for patients with painful new-
romas (Chabal et al, 1992; Gracely et al, 1992)
Consistent with this latter observation is our lnding that
the neuroma lenderness is reversed by local lidocaine
injection.

4.2, Plantar hyperalgesia

Following nerve injury, patients report allodynia and
hyperalgesia in the partly denervated skin (Trotler and
Dravies, 1909 Sunderland, 1978: Fishbain et al., [9%96;
Bonica et al, 20007, An advaniage of the TNT model
is that it produces both mechanial hyperalpesia in the
culaneous territory of the sural nerve and neuroma ten-
derness, The sural nerve territory lies adjacent o and
partially overlaps the denervated tibial nerve territory
(Swelt and Wooll, 1985). Similarly, lesion of twoe of
thres terminal branches of the sciatic nerve (tibial and
peroneal) also produces rebust mechanical hyperalgesia
in the cutaneous territories of the spared sural and
saphenous nerves (Decosterd and Wooll, 2000).

In the present study, proximal Gibial nerve transection
reversed neuroma tenderness, bul not plantar mechani-
cal hyperalgesia, This supports the hypothesis that the
two behaviors have distinet mechanisms, The neuroma
lenderness is dependent on activity origmating [rom
the neuroma. The persistence of plantar mechanical
hyperalgesia sugpests that this hyperalgesia is indepen-
dent of ectopic activity from the neuroma.

The plantar hyperalgesia seen in this model is similar
Lo that szen in other neuropathic models involving traw-
matic nerve injuries and is likely due w similar mecha-
nisms. Many authors think that hyperalgesia is a result
of cmtral sensitization Lo input from normal afferents,
What drives this central sensitization is controversial,
Ectopic activity from injured alferents appears o play
a role in some studies (Lin et al, 2000). Another possi-
bility is that adjacent, uninjured nodeeplive afferents
develop spontaneous activity (Wu et al,, 2001 that

might drive ceniral sensitization. A recenl siudy
reported that uninjured nociceptors become sensitized
Lo mechanical stimuli after a spinal nerve ligation injury
(Shim et al., 2005), and therefore central sensitization
may not be required.

Since behavioral testing was not performed until sev-
eral daws afier the proximal tibial nerve transection, we
cannot exclude the possibility that a new neuroma devel-
oped at the transection sile and became the focus of
eclopic impulse generation that could drive the central
sensitization responsible for the planiar hyperalpgesia,
For example, spontaneous activity in unmyelinaled
afferents can develop within 3 h of nerve section
(Michaelis el al., 1995). However, lidocaine injections
al the neuroma site reversed the newroma tenderness
(and presumably ectopic activity from the injury site)
but alse did not reverse the hyperalgesia. These manip-
ulations did not block ectopic impulses in injured affer-
ents that may arise [rom more proximal locations along

the nerve trunk or the DRG.

4.3 Ongoing pain

Palients describe ongoing burning, cramping, or lan-
cinaling sensations in the distribution of the injured
nerve, Ongoing pain may be due, al least in part, o
movement of the neuroma which is tethered Lo adjacent
lissue since surgcal repositioning of the neuroma o
minimize movement can alleviale some of the pain.
Measurements of spontanecus pain in animals have
been problematic. Several authors have advocated that
sell-mutilating behavior, termed autotomy, observed
afler sciatic nerve transection is an indication of sponta-
neous pain (Wall et al, 1979 Levin, 1985 Coderre
el al, [986; Blumenkopl and Lipman, 1991; Selwer
et al, 1991 Others argue that the autetomy behavier
represents a reaction o chronic paraesthesias, excessive
grooming, or a proclivity of some species Lo shed a lune-
tionally impaired msensate imb (Rodin and Kroger,
1984; Lindblad and Ekenvall, 1986, Moossy et al,
19671 Although the TNT model produces ectopic elec-
trical activity and stimulus evoked pain behaviors, none
of the animals exhibited autotomy, Other forms of spon-
tanecus  pain  behaviors  (eg, hindlimb  finching,
seratching, or biting) were not chserved. Therelore,
the presence andfor degree of spontanecus pain pro-
ducad by the TNT model remains uncertain,

4.4, Clinical relevance

Many of the drugs currently used Lo treat neuropath-
ic pain resull in unaceeplable side effects such as seda-
tion and cognition impairment. The TNT model will
be an important teol in the preclinial development of
new therapies for neuropathic pain. The TNT model
allows neuroma tendemness 1o be investigated indepen-
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dent of hyperalgesia. This provides the opporiumity e
investigate novel therapeutic strategies that specifically
Largsl neuroma pain.
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Figure 2 Behavioral responses after ricin injection






